Meteorological drought commonly originates from precipitation deficit and is then propagated to agricultural and hydrological droughts. Since drought impacts are more directly related to agricultural and hydrological systems of human society, it is important to understand the drought propagation process for reducing drought impacts. This study investigated the propagation of meteorological droughts through the hydrological system in South Korea. We performed comparative analyses between a meteorological drought indicator [Standardized Precipitation Index (SPI) at various timescales] and a hydrological drought indicator [Palmer Hydrological Drought Index (PHDI)], and pooled the mutually dependent drought events from the indicators. The results indicated that most hydrological droughts occurred following meteorological droughts, and drought events became fewer and longer when moving from 3-and 6-month SPI to PHDI. In addition, when we investigated the meteorological conditions, about 70 -80% of 3-and 6-month SPI corresponding to the onset of hydrological drought (PHDI ≤ -2) were less than -1.0. We also calculated the propagation probability using the conditional probability theory with 33% (3-month SPI) and 48% (6-month SPI) of meteorological droughts propagated to hydrological drought. We concluded that even though the frequency of hydrological drought in South Korea was less than that of meteorological drought, the severity of hydrological drought was greater than that of meteorological drought.
InTRoduCTIon
Drought is a complex natural disaster that occurs when various hydro-meteorological variables become drier than the normal condition. Considering various perspectives and interests, drought is generally classified into four categories: meteorological, agricultural, hydrological, and socioeconomic (Wilhite and Glantz 1985) . The primary cause of drought is the lack of precipitation over a large area for a long time. A meteorological drought is usually defined based on the degree of dryness and the duration of the dry period, which is a departure from the normal precipitation of the region. Meanwhile, precipitation deficit is propagated through surface and subsurface regions, developing into agricultural and hydrological droughts (Wilhite 2000; Van Lanen 2006) . An agricultural drought is one where the drought impact mostly affects agriculture such as soil moisture deficits, while a hydrological drought usually occurs following periods of extended precipitation shortfalls that affect surface or subsurface water supply. A socioeconomic drought is identified when the demand for an economic goods exceeds supply due to a weather-related shortfall in water supply.
The type of drought changes over time through drought propagation process. After introducing the concept of drought propagation by Changnon (1987) , Van Loon (2015) defined drought propagation as the transition from meteorological to hydrological drought. Since atmosphere, surface and subsurface water storages are closely interconnected within the hydrologic cycle, meteorological, agricultural, and hydrological droughts are related with each other. Some studies have tried to find correlations and/or causal relationships between different drought types (Zhai et al. 2010; Joetzjer et al. 2013; Wong et al. 2013; Haslinger et al. 2014; Thomas et al. 2015; Zhu et al. 2016) , and have concluded that there is a significant link between different drought types. For example, Haslinger et al. (2014) estimated the correlation of four meteorological drought indices [SPI, Standardized Precipitation Evapotranspiration Index (SPEI), Z-index and self-calibrating Palmer Drought Severity Index (scPDSI)] with streamflow. Their results showed that the correlation with scPDSI in the dry season from August to October yielded the best performance.
Relatively, few studies have attempted to understand the drought propagation process using the hydro-meteorological drought variables (Van Loon and Van Lanen 2012; Zhao et al. 2014; Barker et al. 2016; Melo and Wendland 2016; Wang et al. 2016) due to the complex mechanism behind the drought propagation procedures. Zhao et al. (2014) compared the SPI and Standardized Runoff Index (SRI) to detect the propagation of meteorological drought to streamflow drought, as well as with hydrological drought. They found that streamflow drought lagged behind meteorological drought. In addition, the frequency and magnitude of streamflow drought became lower and greater, respectively, than that of meteorological drought. Van Loon and Van Lanen (2012) found primary features of drought propagation (pooling, attenuation, lag, and lengthening) after investigating drought propagation using meteorological variables (precipitation and temperature) and simulated hydrological variables (soil moisture, groundwater, and discharge). Melo and Wendland (2016) applied the change point to estimate the time lag between meteorological drought shift and reservoir storage. Several drought propagation features and the propagation of meteorological variable anomalies in accordance with the hydrological drought type have been revealed; however, a statistical approach to show the drought propagation phenomenon has not been conducted.
This study aimed to illustrate drought propagation in South Korea using various drought indicators and to explain the relationship between meteorological and hydrological drought based on a statistical approach. In South Korea, drought studies are more widely performed using meteorological drought indices than hydrological drought indices (Min et al. 2003; Yoo et al. 2015; Kwon et al. 2016) . Considering the difficulty assessing hydrological drought it is important to distinguish the different types of drought and underline the drought occurrence process in order to effectively manage droughts. In addition, knowledge of drought propagation is very beneficial to drought forecasting for effective drought management. Therefore, the study of drought propagation is required in South Korea.
We compared various timescales of SPI (as a meteorological drought indicator) and PHDI (as a hydrological drought indicator) to detect the critical condition of drought propagation in South Korea. Then we analyzed the hydrological drought occurrence probabilities under the meteorological condition to understand the drought propagation pattern. The occurrence probability of drought propagation can be estimated by the conditional probability of transition from meteorological to hydrological drought.
STudy AReA And dATA

Study Area
This study collected precipitation and temperature data at 35 weather stations in South Korea from the Korea Meteorological Administration (KMA), as shown in Fig. 1 . The KMA provided daily precipitation and temperature data from 1973 -2015. In South Korea, drought is the most constantly and widely occurring natural disaster, occurring approximately once every year (Kwak et al. 2014) . Since more than 50% of annual rainfall is concentrated during the flood season from June to early September drought is mostly experienced in the dry spring season.
Meteorological drought Index
In this study, a meteorological drought was identified by SPI, because the SPI computation is based only on precipitation and can describe drought on multiple timescales (Belayneh et al. 2014) . SPI was developed by McKee et al. (1993) for estimating the precipitation deficits on multiple timescales. In this study, firstly, after aggregating daily data into monthly data, the long-term precipitation record at monthly time scales (or accumulation period of 3, 6, or 12 months) was fitted to a two-parameter gamma distribution defined by Eq. (1).
where x is the precipitation on multiple timescales, a is the shape parameter and b is the scale parameter. We determined the parameters using the maximum likelihood method (MLM), which is the most widely used method for estimating parameters that maximize the likelihood of the given data. The fitted gamma distribution was transformed into the standard normal distribution with zero mean and one standard deviation to overcome the discrepancy results (Zargar et al. 2011 ). This distribution transformation made the mean of SPI zero at any location and time scales. The SPI is classified into seven categories of dry/wet conditions (Table 1 ) and denotes a drought event when a value of SPI is less than -1.0.
Hydrological drought
In this study, a hydrological drought was identified by PHDI, which has been used to assess the long-term impact of drought on hydrological systems (Vicente-Serrano et al. 2012) . The PHDI was derived from the PDSI, which was based on a primitive water balance model. The PDSI, PHDI, and Z index are referred as the Palmer index (Heim 2002) to assess the moisture anomaly, and they are identified during the PDSI calculation describe in Palmer (1965) . The PDSI is the moisture anomaly between actual and normal precipitation, in which the normal precipitation is climatologically appropriate for the existing conditions (CAFEC). The CAFEC precipitation ( P i W ) is computed by the water balance equation considering four hydrological components (evapotranspiration, runoff, soil moisture loss, and recharge).
where, j indicates the calendar month (j = 1, …, 12) and i is the index of month [i is calculated as 12(y -1) + j for yth year and jth month]. PE is the potential evapotranspiration, PR is 
where, ET is the evapotranspiration, R is the soil moisture recharge, RO is the runoff, and L is the water loss from the soil. The overbar denotes the monthly average over the period of recording. The detail calculation procedure of the potential and actual components may be found in Palmer (1965) , Weber and Kkemdirim (1998) , and Jacobi et al. (2013) . The moisture anomaly index (Z i ) is defined by Eq. (4).
where, Z i is the moisture anomaly index. P i is actual precipitation and P i W is the CAFEC precipitation. K i is a weighting factor determined from the climate record, which is estimated by Eq. (5).
where, D i is the average moisture departure for the appropriate month. After estimating K i and Z i , PDSI values are finally calculated using Eq. (6).
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The PDSI is technically computed by three intermediate indices (X 1 , X 2 , and X 3 ) for each month. X 1 is an incipient wet spell (X 1, i ≥ 0), X 2 is an incipient drought (X 2, i ≤ 0), and X 3 is the existing dry or wet spell ( X , i 3 ≥ 1). The PHDI is X 3, i whenever the percent of moisture needed to estimate the spell is between 0 and 100, while X 1, i or X 2, i is chosen during the onset of a wet or dry spell (Guttman 1991) . The PHDI has a more stringent criterion for the termination of a drought or wet spell, which means that the drought condition is verified to the normal state slower than PDSI (Keyantash and Dracup 2002; Dai 2011 ). This smoother variation in performance is approximate for the assessment of hydrological drought (Dai 2011) .
To assess hydrological drought using calculated hydrological drought indices, such as SRI, Surface Water Supply Index (SWSI), and Groundwater Resource Index (GRI), long term observed streamflow data are required. However, in South Korea, most gauging stations have very limited observations of streamflow and groundwater which are less than 30 years and contain lot of missing data. Therefore, as an alternative, we applied the PHDI, which can be easily calculated using only temperature and precipitation provided by KMA, to estimate hydrological drought.
ReSulTS
Comparison Between Meteorological and Hydrological drought
The SPI and PHDI were calculated using monthly precipitation and temperature data. The SPIs at different time scales reflect various kinds of drought. Usually, a 1-, 3-, and 6-month SPI can reflect meteorological drought; however, SPI can be deployed for longer time scales (e.g., 9-and 12-month time scales) to reflect agricultural and hydrological droughts. Therefore, we applied three SPI accumulation periods (1-, 3-, and 6-month) to measure meteorological drought, whereas hydrological drought was described by PHDI. Drought events were defined when the SPI fell below -1.0 and PHDI below -2.0, as given in Table 1 .
We compared two types of drought indicators to investigate when drought propagation occurred. Figure 2 illustrates a representative example sequence of drought states defined by SPI at different time scales and PHDI, indicating no drought condition (SPI < -1.0 and PHDI < -2.0) with a white color and drought conditions with orange, red and black colors with severity in ascending order. The comparative analysis between SPI at various time scales and PHDI showed a good description of drought propagation features. For example, the transition from meteorological to hydrological drought was identified in the 1988 drought event. The short duration meteorological drought was first identified with the 1-month SPI. Afterwards, the 3-and 6-month SPI represented the drought condition in sequence, and then the 12-month SPI and PHDI reflected the hydrological drought observed last. From Fig. 2 , we found that drought events in 1977, 1980 -1982, 1988, 1992, 1994, 1996, 2001 , and 2014 -2015 have propagated from the short-term SPI to the PHDI. Figure 2 also shows that not all meteorological droughts identified by the 3-and 6-month SPI resulted in hydrological droughts during 2004 and 2006. Based on the time series of drought shown in Fig. 2 , two examples of drought propagation were extracted. The SPI (3-, 6-, and 12-month) and PHDI time series during the hydrological drought periods are presented in Fig. 3 . For the 1988 drought example (Fig. 3a) , the drought onset of 3-and 6-month SPI led to another drought onset of PHDI and 12-month SPI showed a time lag with the PHDI. For the 1994 example (Fig. 3b) , 3-month SPI also preceded the drought onset of PHDI, while the 6-and 12-month SPI drought occurred at the same time as that of PHDI. Zhao et al. (2014) concluded that 12-month SPI was unsuitable for early warning of hydrological drought since it happened after the start of hydrological drought or at the same time. Our work also found that the onset of drought with 12-month SPI did not precede the drought with PHDI and thus could not monitor hydrological drought. To define an independent sequence of droughts, mutually dependent droughts (e.g., 3-month SPI drought event shown in Fig. 3a) were pooled when the drought event reoccurred for at least 2 months and SPI values of inter drought event time were less than zero. The quantitative characteristics of meteorological and hydrological drought, such as number of drought events and mean duration of drought events, are summarized in Table 2 . Drought events became fewer and longer when drought propagated from 3-month SPI to PHDI. These drought properties have been also shown in various studies (Tallaksen et al. 2009; Van Loon and Van Lanen 2012; Wong et al. 2013; Barker et al. 2016 ).
drought Propagation Probability
We estimated the drought propagation probability conditioned on the hydrological drought PHDI occurrence. Since hydrological drought is a slower developing phenomenon than 3-and 6-month SPI in South Korea, when we developed the drought propagation occurrence probability, we were limited to consideration of the classical rainfall deficit drought caused by a prolonged lack of precipitation and developed into a hydrological drought. In the previous section, we identified propagation events of classical rainfall deficit drought (Fig. 2) and identified the type of drought propagation (Fig. 3) . From Figs. 2 and 3 , the 3-or 6-month SPI caused the drought onset of PHDI which lasted during the drought condition of SPI.
We also compared the meteorological and hydrological drought events at specific stations. For example, Table 3 shows six meteorological drought events and four hydrological drought events at Sokcho. Meteorological drought occurred in April 1988 and continued until hydrological drought onset in May 1998. The meteorological drought event ended in August 1988 while hydrological drought ended in December 1988. The hydrological drought events in 1991, 1994, and 1995 also showed similar drought propagation as summarized in Table 3 . We found that hydrological drought events usually developed after meteorological drought at other stations as well. This indicates that meteorological drought during hydrological drought onset is the dominate factor for identifying drought propagation. Before estimating the drought propagation occurrence probability, it is necessary to determine whether meteorological drought is a dry condition when hydrological drought begins. First, the meteorological drought condition probability during hydrological drought onset was calculated using Eq. (7), based on conditional probability theory. where, H j is the hydrological drought onset event and n is the number of hydrological drought events. M j, m is the meteorological condition when hydrological drought has occurred. C m is the drought class: C 0 = no drought, C 1 = moderate, C 2 = severe, C 3 = extreme. In this study, the meteorological drought occurrence state was defined by C 1 , C 2 , and C 3 . The computation process of Eq. (7) is the same as with the drought transition probabilities and the probability matrix is shown in Table 4 . Table 4 shows the probability that meteorological drought occurred in the case of hydrological drought onset at representative six stations and the average of the 35 stations, which had a probability of 0.839 in the 3-month SPI and 0.721 in the 6-month SPI, respectively. This means that 72 -84% of hydrological drought events occurred with meteorological drought. In addition, Fig. 4 presents the meteorological drought occurrence probability in the case of hydrological drought onset in South Korea. The 3-month SPI showed higher probability than 6-month SPI, while Gangwon-do district had low probability with 3-and 6-month SPI.
From the hydrological drought developing procedure, we estimated the probability of drought propagation occurrence using conditional probability theory. Now, we can express the propagation occurrence probability that is the transition probability from meteorological drought to hydrological drought using Eq. (8). Table 4 . Probability matrix of meteorological drought condition with hydrological drought onset. Table 5 . There was a probability of 0.3 -0.6 for drought events of 3-and 6-month SPI developing into hydrological drought. Overall, in South Korea, 33.3% of meteorological drought events propagated to hydrological drought. The drought propagation probability in South Korea is illustrated in Fig. 5 . In Fig. 5a , in which Chungcheongnam-do and Gyeonggi-do show high drought propagation probability, meaning that they have a higher chance of meteorological drought developing into hydrological drought than other districts. In Fig. 5b , Chungcheongnam-do, Gyeonggi-do and upper Gyeonsangbukdo districts show high drought propagation probability with the 6-month SPI providing higher propagation probability values than 3-month SPI.
We identified the drought characteristics (duration, severity, intensity) of meteorological drought that propagated to hydrological drought. Duration is the lasting period of a drought event, severity is the sum of drought indicator values during the drought event, and intensity is the severity divided by duration. Drought properties of meteorological drought (3-and 6-month SPI) event in accordance with the development of hydrological drought are displayed in Fig. 6 .
Meteorological drought, which has a long duration and strong severity, tends to propagate toward hydrological drought, as shown in Fig. 6 . However, this study identified that a drought propagation event happens when a hydrological drought occurred during meteorological drought conditions, although other different drought propagation procedures were not considered. If a new type of propagation can be identified, we can provide a more accurate approximation of the occurrence probability of drought propagation. Table 5 . Propagation occurrence probability from 3-and 6-month SPI. 
ConCludInG ReMARKS
All types of drought originate from a precipitation deficiency, which means that meteorological droughts become a starting point for agricultural and hydrological drought development (Van Loon 2013). Thus, understanding how meteorological drought evolves into agricultural and hydrological drought is important for developing efficient drought management. This study addressed the drought propagation from meteorological to hydrological drought using drought indices and estimated the drought propagation occurrence probability in South Korea. We applied the PHDI to assess the hydrological drought since enough reliable streamflow data has not been retained in South Korea.
By comparing different types of drought indices, we investigated the link between the drought indices. First, overall hydrological drought (PHDI) has occurred after or with meteorological drought (3-or 6-month SPI), and the observed results easily explained the drought propagation phenomenon. Moreover, the meteorological drought state probability was calculated when hydrological drought started. There was a 0.84 probability for 3-month SPI and 0.72 for 6-month SPI to bring meteorological drought with hydrological drought. Finally, we estimated the occurrence probability of drought propagation that is the probability of hydrological drought occurrence when meteorological drought starts. And we also found that propagated drought events exhibited long durations and strong severity. The propagated 3-or 6 month-SPI has a duration over three months and a severity of 5.
The main limitation of this study is that we cannot consider all kinds of drought propagation; however, this paper provides a new approach to analyze drought propagation using conditional propagation theory and to estimate the occurrence probability of drought propagation. The propagation occurrence probability can be applied in hydrological drought management, preparing drought countermeasures when meteorological drought occurs and forecasting hydrological drought using meteorological drought indicators.
